We present a generic statistical characterization of the vehicle-to-vehicle (V-V) wireless channel by adopting a stochastic modeling approach. Our approach is based on the doubly underspread (DU) property of non-wide sense stationary uncorrelated scattering (non-WSSUS) wireless channels, with V-V channels pertaining to this category. DU channels exhibit explicit frequency and time intervals over which they are approximated as WSSUS. We call these intervals restricted time interval (RTI) and restricted bandwidth (RBW), and variations taking place inside them are characterized as small scale variations. Large scale variations take place outside RTI and RBW. In this paper, we focus on small scale variations, thus, our modeling finds its applicability within RTI and RBW. As practical V-V channels exhibit rapid 
. Conceptual V-V channel between transmitter (Tx) and receiver (Rx) in urban area.
C. V-V vs. The Conventional Land Mobile Channel
Traditional land mobile radio channels have one end of the communication link fixed (non-mobile) at a so-called "base station" (BS). Such fixed stations typically have antennas atop tall towers, and access to ample electric power. The former characteristic will not apply in the V-V case where antenna heights will be only a few meters. Another physical feature distinct from traditional land mobile is that the V-V channel can have obstacles near/around both Tx and Rx, not just around the mobile unit.
In the V-V channel, obstacles to LOS propagation can be other vehicles, terrain, or buildings or other infrastructure (see Fig. 1 ). Link distances in urban areas are expected to be short, up to a few hundred meters or often much less. Link distances in suburban and expressway settings will often be larger (yet still less than the several kilometers of rural cellular). An additional unique feature of the V-V channel in comparison with cellular is that both Tx and Rx may be in motion. This can increase the rate of time variations in the V-V case to be double that of cellular. As noted, this more rapid time variation will often violate the conventional wide-sense stationarity (WSS) of the channel.
D. Channel Characterization Significance
As noted, regardless of the application or transmission technology, the wireless channel should be quantitatively characterized in order to optimize signaling design and performance [6] . Mathematical channel characterization results are typically employed in comparisons of competing technologies, and can aid design decisions on packet durations and format, channel bandwidths, etc. Models for the channel can also be used in analysis and computer simulations to estimate system performance, which in turn guides remedial measures (e.g., equalization, diversity) and system improvements.
Even with modern adaptive communication systems, channel impairments can severely degrade performance if not accounted for. Such performance degradations include a bit error probability "floor" or lower limit, and unacceptably large message latency. Long latencies can often be deemed link outages, which can sever multi-hop links. Thus, the V-V channel characteristics should be modelled as accurately as possible, since they affect system performance at multiple levels.
II. STATE OF THE ART
The wide sense stationary uncorrelated scattering (WSSUS) assumption holds generally with good accuracy in cellular communications, but not always in V-V communications. Thus, the statistical properties of V-V channels change with time (non-WSS) and frequency (non-US). This Section reviews the different modeling approaches used to characterize V-V channels, namely, a) deterministic (ray tracing) channel models, b) geometry-based stochastic channel models (GSCM) and c) stochastic channel models.
A. Deterministic models
This is a site-specific modeling approach providing realistic simulation of the wireless propagation environment [7] - [9] . It has the advantage of inherently incorporating the non-WSSUS property of V-V channels. For these models to be successful, accurate and detailed modeling of the propagation environment itself is required, and this can yield acceptable agreement between measured and simulated results [9] . These deterministic approaches employ ray-tracing (or ray-launching) to model the propagation environment constructed from a detailed database of all obstacles and their electrical properties. However, very recently, other analytical methods such as the uniform theory of diffraction (UTD), the Poisson summation formula and the saddle point method have been employed to model vehicular communications in tunnels [10] . The inherent drawbacks of deterministic models are their high computational cost and restricted suitability for a specific propagation environment.
B. Geometry-based stochastic channel models (GSCM)
In this category, the transmitter, the receiver and the scatterers are parametrically located in space occupying certain positions in the propagation environment. There are two GSCM subcategories, namely, a) models where scatterers are located in rings and/or ellipses surrounding the Tx and/or the Rx, and b) models where scatterers are located in a more realistic way to better reproduce physical reality. The non-WSSUS property is not taken into account in the first subcategory, whereas it is inherently incorporated in the second.
In the first subcategory, reference [11] employed one circular ring of scatterers around the transmitter and one around the receiver, giving rise to double bouncing of multipath components along their way from the transmitter to receiver. A more generalized model was presented in [12] , which combines a LOS component, single bouncing around the transmitter, single bouncing around the receiver and double bouncing at both sides. A more generalized model can be viewed in [13] with an additional elliptical ring of single bouncing scatterers surrounding the Tx and Rx. In [14] , an algorithmic procedure was presented for determining the delay dependent power spectral density (PSD) with single bouncing scatterers uniformly distributed on an elliptical ring. The models in [11] - [14] considered two dimensional (2-D) multipath propagation. Three dimensional (3-D) multipath scattering was considered in [15] with similar double bouncing as in [11] . Extensions of [12] to account for 3-D scattering can be viewed in [16] and [17] , with scatterers' mobility to be additionally incorporated in [18] . Extension of [13] to incorporate 3-D scattering can be viewed in [19] .
In the second subcategory, scatterers are realistically (and randomly) located at the roadsides and between the road lanes in which the vehicles move [20] - [22] . The main propagation mechanisms that are realistically modelled are line-of-sight (LOS), discrete multipath components from mobile scatterers, discrete components from static scatterers and diffuse components [20] , [21] . In fact, such an approach is a street scattering modeling approach where each propagation mechanism is taken into account by simple statistical models for the surrounding objects. Propagation takes place in 2-D under a single bounce scattering regime.
C. Stochastic channel models
The models in this category provide the V-V channel statistics by employing the fewest number of parameters with the aim of maintaining simplicity and producing realistic solutions. A modern modeling approach considers that the channel statistics remain constant within certain time-frequency intervals [14] . In such intervals, which are also regarded as WSS intervals with respect to both time-and frequency-domains, the channel is characterized as doubly underspread and is modelled locally through the so called local scattering function (LSF) [23] , [24] . The concept of LSF is an extension of the scattering function (SF) accounting for WSSUS channels [25] .
By processing the LSF, V-V channel modeling has been pioneered by members of FTW in Austria and collaborators [26] - [29] . An important finding from [28] reports that for bandwidths that are intended to be used for V-V communications (i.e., 10
MHz), the channel will be WSS with respect to frequency (US assumption holds). In other words, the LSF is invariant with frequency provided that the time intervals have been selected such that the WSS assumption in the time-domain holds [26] . Another contribution of modeling WSS in time-domain through the LSF can be seen in [30] .
Other contributions included the tapped-delay line (TDL) models as in [31] and [32] with different Doppler spectra for each tap and in [33] and [34] where the Weibull probability density function (PDF) was employed for the tap envelope fading distributions. Also, the authors in [33] model non-WSS with a "birth/death" process for generating taps. The authors in [34] extended the work in [33] to account for taps with correlated amplitudes and phases. A stochastic model based on measurements was presented in [35] , where the Weibull PDF was used to model small scale fading variations and non-WSS was quantified through the correlation matrix distance metric [36] . Very recently, an interesting model was proposed in [37] accounting for a)
vehicles' location, b) first-order statistics (e.g., small scale fading, shadowing, received power) and c) performance evaluation in V-V channels. More specifically, vehicles' location in space was modelled by a Cox spatial process, which in fact is an extension of a Poisson point process (PPP), which was used in [38] to model vehicles' location. However, as was shown in [37] , the PPP is suitable for modelling light traffic scenarios, while the Cox process can effectively model diverse traffic scenarios. In Cox spatial processes, the number of vehicles is generally modelled by Fox's-H PDFs, but for realistic V-V scenarios the negative binomial PDF was shown to be a proper model. Due to their high flexibility, Fox's-H PDFs were used to model small scale fading (they incorporate numerous small scale fading distributions),
shadowing (as a substitute to lognormal), SNR and performance evaluation metrics such as symbol error probability (SEP) and channel capacity.
We report several other contributions on stochastic models, which mainly account for the temporal second-order statistics of V-V channels [39] - [47] . The most important are the a) temporal correlation function (CF) (or autocorrelation function (ACF)), b) power spectral density (PSD) (or Doppler spectrum), c) level crossing rate (LCR) and d) average fade duration (AFD). However, we should keep in mind that such modelling is only possible within the WSS intervals with respect to both timeand frequency-domains. In [39] , the ACF and PSD were derived in the presence of 2-D isotropic scattering in both the transmitter and receiver sides, whereas [40] derived the LCR and AFD for the same scattering scenario. Extension of [39] can be seen in [41] when 3-D isotropic scattering occurs and extension of [40] in [42] under the presence of several 2-D anisotropic scattering scenarios. Extension of [41] can be seen in [43] regarding the ACF when 3-D anisotropic scattering occurs. In [44] and [45] , the ACF, PSD, LCR and AFD were derived for a Hoyt V-V channel fading model under the presence of 2-D isotropic and anisotropic scattering, respectively.
References [39] - [45] do not incorporate the realistic impact of other vehicles' mobility, with the latter being treated in [46] and [47] . However, [46] 
III. V-V CHANNEL MODEL DESCRIPTION
The V-V wireless channel is typically modeled by following a similar stochastic approach to that in [48, The input-output relationship in equation (1) 
with (.)  being the Dirac delta function. Equation (2) can be written in a more compact form as follows
where ( , ) ht  is the delay-time variant channel response (i.e., the impulse response)
obtained by the inverse Fourier transform of ( , )
Hv  with respect to the Doppler
By further defining () xt with respect to its Fourier transform ()
where ( , ) G f t is the frequency-time variant channel response (or the time-varying transfer function) obtained by the Fourier transform of ( , ) ht  with respect to the delay  . Thus,
Substituting equation (3) into equation (7) we have
All channel responses in equations (3), (5) and (7) are equivalent representing variations in different domains and connected through Fourier transform relations [25] . Particularly, as can be seen from equation (7) (4)], as the maximum intervals in frequency and time over which the frequency-time variant channel response is written in the form of equation (8) having {}   , then, ( , ) G f t , will be a WSS process with respect to frequency and time 4 . Under the same conditions, the V-V channel is also first order stationary inside RTI and RBW 5 . Thus, small scale fading (variations within RTI and RBW) in V-V channels can be modelled by the well-established statistical tools for WSSUS channels as in [23] and [25] .
Apart from small scale variations, V-V channels exhibit large scale variations, or large scale fading, arising from variations in the average received power (averaged about ten-forty wavelengths, see [51, Ch. (5)]) for fixed transmitter-receiver distance.
Such variations take place in "large" regions on the order of hundreds of wavelengths and are attributed to shadowing by other obstacles (i.e., mainly other vehicles)
occupying the path between the transmitter and the receiver. This type of fading is also called shadow fading. Large scale fading modeling is essential for purposes such as link budget design and outage analysis. However, as reported in [23] and [48, Ch.
(1)], shadowing is a major source of non-WSSUS behavior. Particularly, non-WSSUS behavior can be regarded as a large scale effect in the sense that mechanisms that generate non-WSSUS (e.g., shadowing, changes in the propagation environment, etc) vary much slower than small scale fading [23] , [48, Ch. (1) setting. The composite model in [37] combined small scale fading and shadowing, but it was focused on first-order statistical characterization only.
Finally, the V-V channel exhibits a deterministic variation arising from variations of the average received power with respect to the distance between the transmitter and receiver. The underlying effect is called path-loss and results in a monotonic decrease of average received power with respect to distance. The interested reader is referred to [52] for path-loss modeling in V-V channels.
IV. STATISTICAL CHARACTERIZATION
The frequency-time variant channel response ( , ) G f t is an ensemble of several frequency-time realizations having the form of equation (8). Thus, statistical tools should be employed for characterizing the random nature of ( , ) G f t . The two universally accepted types of characterization are the first-and second-order statistical characterization. First-order statistical characterization arises when only one sample of ( , ) G f t with respect to frequency and time is used to characterize channel behavior. Second-order statistical characterization uses two samples in frequency and/or time. One common assumption essential for both types of characterization is that of wide sense ergodicity [49, Ch. (5)]. Wide sense ergodicity means that all possible expected values of ( , ) G f t with respect to one or two frequency-time samples can arise from only one frequency-time realization without considering the whole ensemble of realizations. If this holds for all expected values with respect to any number of frequency-time samples (and not for only one or two), the process will be strict sense ergodic.
A. First order statistical characterization
First order characterization considers only one sample of the channel response with respect to frequency and time, thus ( , ) G f t can be treated as complex random variable of the form
where l  sums all the phase terms in equation (8) . A simple, yet physical, way to model the amplitude term is to group the terms exp( ) ll aj  in equation (9) Thus, grouping the multipath components into specular and diffuse results in the following representation of equation (9) [49, Ch. (4)], [53] , [54] , (9) and (10) are modeled as uniformly distributed random variables in [ , ]   .
The above grouping seems arbitrary, however some general principles apply. The rationale is to consider a small number of strong specular components and incorporate the remaining multipath components into the diffuse part of equation (10 
Thus, we can incorporate all the multipath components in the diffuse part of equation (10) and then exclude those components that do not satisfy condition (11) . The process ends when condition (11) is satisfied by all the remaining components, whereas the excluded components will constitute the specular part.
The physical modeling approach of equation (10) and also independent of each other and uniformly distributed in [ , ]   . The specular part will not obey the central limit theorem (CLT) and will be a complex nonGaussian random variable. However, the CLT holds for the diffuse part because of the large number of multipath components.
The model in [54] (10) leads to a Rice PDF [49, Ch. (5)]. The Rice PDF is suitable for V-V channels when the LOS path is unobstructed [56] . Apart from the Rayleigh and Rice, the literature contains several other PDFs based on the general model of equation (10) . More specifically, [55] contains the PDF for an arbitrary number of random specular components with statistically dependent amplitudes and no diffuse part, i.e., 0
(5)] and [53] , the two wave with diffuse power (TWDP) PDF was presented, i.e., the PDF that arises when two specular components with deterministic amplitudes together with diffuse part exist, i.e., 0
B. Second order statistical characterization
Second order characterization considers two samples of the channel response with respect to frequency and time. Of particular importance is the four-dimensional frequency-time-dependent correlation function (CF) (.,.;.,.) R arising after taking the following expectation of ( , ) G f t [23] ( , ; , )
The frequency-time-dependent scattering function (SF) (.,.;.,.) P , or the local scattering function (LSF), as is well-known [23] , [24] , is obtained by taking the double Fourier transform of ( , ; , ) R f t f t  with respect to the frequency and time difference f  and t  , respectively. Thus [23] ( , ; , )
As was shown in [23] and [24] , a non-WSSUS channel can be locally approximated by a WSSUS, or a WSS with respect to both frequency and time. This approximation holds within the RTI and RBW, i.e., the stationarity region (see Fig. 2 ). Within the stationarity region, the assumption 00 ( , ; , ) ( , ; , ) ( , )
holds (see [23] and [24] ), where 00 ( , ) ft is the centre of this region. Moreover,
S Pv  is a nonnegative function of  and v representing a SF and that is why the non-WSSUS V-V channel can be approximated by a WSSUS channel inside the stationarity region.
In fact, this is an implication of the so-called doubly underspread (DU) property that practical wireless channels possess as demonstrated in [23] . In DU wireless channels, there exists a much smaller coherence region inside the stationarity region (see Fig. 2 (14) ( ) ( ) exp( 2 )
We now consider a narrowband (no frequency variations) V-V channel with 3-D scattering at both the Tx and Rx. The existence of mobile scatterers (e.g., other
vehicles) between the Tx and Rx is also assumed. We aim at determining the second order statistics, namely, the ACF, PSD, LCR and AFD for characterizing the temporal variability of V-V channels within the stationarity region. The new form for equation (8) will be ( ) (0, )
The Doppler frequency
where , Tl v , S,l v and R,l v are the contributions due to Tx mobility, scatterers' mobility and Rx mobility, respectively. The Doppler shift ( ),
results from the departure (arrival) of the l th multipath component from the mobile Tx (to the mobile Rx), as illustrated in Fig. 3 . It is defined as [57] ( ), (
cos cos scatterer's motion (see Fig. 4 ).
As an illustrative example for practical V-V channels, we consider that both the Tx Under the absence of LOS ( 0   ), the Rayleigh PDF arises.
Using equation (17) in equation (12) and performing the expectation, we obtain with the aid of equations (18), (19) and (20), the ACF, ()
SN
Rt  , as follows
where LOS v is the deterministic Doppler shift of the LOS component. (17)) making all discrete quantities in equations (19) and (20) 
where 12 ( , , , , , , ) u can be also considered independent with respect to each other. We further assume that the AOD at the Tx can be decomposed from the AOA at the Rx. The latter gives rise to the so-called Kronecker model with separable spatial correlations at the Tx and Rx [59] . However, this assumption was questioned in publications that followed, see e.g., [60] and [61] . As a general trend, we state the less dependence between AOD and AOA comes together with the more diffusive nature of the channel [62] . Finally, we assume statistical independence between the azimuth and elevation AODs and AOAs. Such assumption can be valid only when multipath propagation results from a single cluster, or under specific assumptions for the azimuth and elevation AODs and AOAs in multi-clustered scenarios [63] . Based on the above assumptions, the joint PDF in equation (23) 
( , , , , , , ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
where, for example, 
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The usefulness in defining such a uniform 3-D scattering sector will become evident below in the derivation of the PSD, LCR and AFD. From equation (27) , the ACF in equation (25) can be written as [64] ( ) ( )
T R max T R max T R min T R min

BA T R T R T R T R max T R T R T R T R BA
where (30), we do not consider the directions of movement of mobile scatterers, which cannot be totally random in V-V channels as assumed in [47] , but we directly model the AOA and AOD of multipath power with respect to scatterers' motion (see Fig. 4 ). In equation (30) where w is Weibull the scale parameter. Alternative suitable PDFs, were shown to be the Nakagami-m (with 1/ 2 m  ), the gamma and the lognormal. In, [65] the ACF due to scatterers' mobility was determined based on the relevant scattered power. This is different from considering scatterers' velocity distributions (see, e.g., [66] and [67] ) and directly applying them to model () S uS pu as in [47] . As demonstrated in [49, Ch. (7)], most multipath power is contributed by the static and slowly moving objects.
Thus, the lower velocities will appear with a greater power contribution than the higher ones. Such physical behaviour is guaranteed by the PDF of equation (31), as well as by the other alternative PDFs considered in [65] . Thus, it is essential to model the multipath power distribution over the velocities, rather than the velocity distribution itself.
By taking the Fourier transform of equation (22) 
where  is the convolution operator and () ()
TR Sv and ()
S
Sv represent the PSDs due to a) scattering around the Tx (Rx) and b) scatterers' mobility, respectively. They arise after taking the Fourier transforms of the ACFs in equations (28) and (30) 
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Equation (34) holds when
(azimuth quadrant Q1, see Fig. 6 ) and 0 / 2
(positive elevation AOD (AOA)).
For negative elevation AOD (AOA), i.e.,
/ 2 0
Then, due to the even symmetry of the cosine function, the PSD will arise from equation (34) by
We also have the following cases regarding the azimuth AOD (AOA) [64] : Fig. 6 ), we need to define
Then, the PSD will arise from equation (34) by making the following substitutions, vv  , Fig. 6 ), we need to define
Then, the PSD will arise from equation (34) by making the following substitutions, ( )
T(R)
T R min min3
Aa  and ( ) (R) Fig. 6 ), we need to define (27), see [63] and [64] ). Then, the PSDs contributed by each sector can be analytically determined as in equation (34) and taking into account the relevant azimuth quadrant as described above.
The PSD due to scatterers' mobility will be [65] (Fig. 7a), b) negative Doppler frequencies only (Fig. 7b) , and c) both positive and negative Doppler frequencies (Fig. 7c) . We also consider the impact of scatterers, mobility by varying its intensity through the parameter w in equation (31) . increases, making the scatterers' mobility more intense because the mean value and variance of S u increase (see [65] , [69, Table ( Two more well-known metrics when dealing with second order statistical characterization are the LCR and AFD. Their importance is well-known for a variety of applications, such as determining the frame length for coded systems [70] and estimating the throughput of communication protocols [71] . We first consider the LCR, ( 
where (.) erf is the error function [72, Ch. (3)]. Under the absence of LOS ( 0
with only diffuse multipath propagation, the LCR becomes
The following parameters should be further determined in equations (37) and (38) , where the primes denote derivatives with respect to t  and Im [.] refers to the imaginary part of the bracketed term. These parameters will be (see Appendix for equations (40) and (41) 
In equation (41) (30)) arisen by isotropic scattering around mobile scatterers, i.e., 1  and 2  to be uniformly distributed in [ , ]   (see Fig. 4 ). The latter leads to a real and even PSD (see equations (35) and (36)), which is a natural result, as we do not anticipate the propagation environment itself to be biased towards positive or negative Doppler frequencies. A similar rationale was also deployed in [49, Ch. (7)], which has been validated by numerous measurement campaigns of fixed wireless channels (wireless channels with static Tx and Rx and scatterers' mobility as the only source of temporal variability), see related references discussed in [65] .
We also consider the AFD, ( 
As a final remark, we point out the usefulness of defining (38)) by parameterizing: a) the scatterers' mobility through w (Fig. 9a) , b) Similar results will be obtained if we consider the azimuth and elevation AOA.
V. MODEL VALIDATION
Our modeling approach lays its strength in offering a theoretical flexibility to account for any 3-D scattering scenario at the Tx and Rx sides by considering weighted uniform contributions in different angular sectors. Then, the PSDs contributed by each sector can be analytically determined as in equation (34) . The incorporation of the scatterers' mobility impact, further generalizes our modeling approach and the LCR and AFD can be determined by well-know formulas such as equations (37) and (44) .
However, in this section, we further demonstrate the flexibility and usefulness of our approach by adapting the theoretical LCR to empirical presented in [16] . The measurement environments were an urban street area and a US interstate highway.
Here, we consider the LCR from the interstate highway environment. Fig. 10 , where a very good agreement between them is revealed. 
APPENDIX-DERIVATION OF EQUATIONS (40), (41), (46), (47)
The first order derivative of ()
D
Rt  with respect to t  will be 2 
( )
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The second order derivative will be 
T(R)max T(R)min T(R)max T(R)max T(R)min T(R)
After some elementary algebraic manipulations, we have from equation (28) ( ) 
We can also show from equation (28) ( ) (47) arises.
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